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ABSTRACT
2a® aerodynamic damping and o sc il la to r y  s ta b i l i t y  in  p itch  o f  a 
sphere a t  se lec ted  Mach numbers from 0 .20  to  ^.65 have been determined, 
experim entally by using a small-amplitude fo r c e d -o se illa tio n  t e s t  
technique. The data obtained for o s c il la t io n  centers forward o f ,  
coincident w ith , and rearward o f  the geometric center o f the sphere 
are presented as a function o f mean angle o f  a ttack . In addition  to  
the t e s t  r e s u lt s ,  ooae d e ta ils  o f  the t e s t  technique are included  
for the b e n e fit  o f  other workers in  the same f ie ld  who may be in terested . 
Nomenclature su ited  to th is  type o f wind-tunnel t e s t  i s  used in  the  
development o f  the equations which were used to  reduce the measured 
aerodynamic ch a ra cter istic s  to  nondlmensional form.
Appendix I I  presents a method by which the small-amplitude 
fo r c e d -o se illa t io n  t e s t  technique may be used to  separate the two 
d er iv a tiv es  which are combined in  the o s c i l la to r y - s ta b il i t y  parameter.
vi
WIND-TUNNEL MEASUREMEfETS OF THE m R O m m W  DAMPING M D  
OSCILEiATOKY STABILITY IE PITCH OF A SPHERE AT 
MACH NUMBERS FROM 0.20  TO h .G$
IXOTODUCTIOK
A sphere having lin e a r  motion with respect to  a fluid, has been 
the subject o f  many th eo re tica l and experimental works in  aerody­
namics and hydrodynamics. The sphere, being the moot b asic  o f  three-  
dimensional shapes, i s  o ften  used as a ca lib ra tio n  device in  wind tunnels 
because so much information e x is t s  concerning the flow  over the sphere 
and the forces on the sphere as a function o f wind-tunnel va ria b les.
A lack  o f  experimental inform ation concerning the aerodynamic 
damping and o sc il la to r y  s ta b i l i t y  o f  spheres prompted th is  program 
to  measure the damping and o sc il la to r y  s ta b i l i t y  ch a ra cter istic s  
in  p itch  o f a sphere by using a small-amplitude fo r c e d -o sc illa t io n  t e s t  
technique.
In addition to  the t e s t  r e s u lt s ,  some d e ta ils  o f  the t e s t  technique 
are included in  th is  paper for the b en e fit  o f  other workers in  the 
same f ie ld  who may be in te r e ste d . The nomenclature employed herein  
d if fe r s  from the nomenclature employed by f l ig h t  aerodynam icists.
The d e s ir a b ility  o f  th is  departure from convention i s  explained in  
chapter I  where the equations which were used to  reduce the measured 
aerodynamic ch a r a c ter is t ic s  to  nondiaensional form axe developed.
Appendix H  presents a method by which the small-amplitude forced- 
o s c i l la t io n  t e s t  technique may be used to  separate the two d eriva tives  
which are combined in  the o s c i l la to r y - s ta b il i t y  parameter.
2
CHAPTER I
EQUATIONS FOR REDUCTION OF DATA
1.1  Preliminary Remarks
The complete d escrip tion  o f  the motion o f  a r ig id  body gen erally  
requires a se t  o f  s ix  sisailtaneous d if fe r e n t ia l  equations. A s in g le  
d iffe r e n t ia l  equation su ff ic e s  for the mathematical d escrip tion  o f  
the motion o f  a r ig id  body i f  one point in  the body i s  fix ed  in  the  
laboratory and freedom i s  r e s tr ic te d  to  ro ta tion  about a s in g le  a x is .  
Because the technique which was used for th ese t e s t s  l im its  the  
motion o f  the r ig id  body to  small-amplitude angular o s c il la t io n s  
about the body Y -axis (p itch  ax is) the problem i s  reduced to  se tt in g  
up and so lv in g  the d if fe r e n t ia l  equation o f  the o s c il la t in g  system  
and then so lv in g  the resu ltin g  algebraic equation for the aerodynamic 
ch a ra c ter is tic s  o f  the r ig id  body. This should be done in  such a way 
th at the aerodynamic ch a ra c ter is tic s  o f  the r ig id  body are expressed  
in  terms o f  conventional nondlmensional aerodynamic d er iv a tiv es  equated 
to  measurable q u a n titie s .
Unfortunately, the conventional non&imens ional aerodynamic 
d er iv a tiv es  are in tim ate ly  associa ted  with airplane con figu ration s.
This a sso c ia tio n  has le d  to  the rather r e s tr ic t iv e  assumption th at  
the angle o f  attack  i s  very near 0 ° . (See, for example, r e f s .  1 and 2 .)
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kWhen th is  and certa in  other l e s s  r e s tr ic t iv e  assumptions ore made, 
the dimensional aerodynamic damping c o e f f ic ie n t  as measured
on a r ig id  body in  a wind tunnel by the sm ll-am plitude forced- 
o s c i l la t io n  technique can be expressed in  a nondioenslonal form as
namic d er iv a tiv es  are used to  represent the s in g le  dimensional damping* 
in -p itch  c o e f f ic ie n t  because due account i s  taken o f the fa c t  th a t, as 
explained in  reference 2 f damping in  p itch  for a free* fly in g  airplane  
can a r ise  from both q and & even though when using the forced- 
o s c il la t io n  technique in  a conventional wind tunnel q ~ d . S im ilarly ,
the usual nondimensional form o f (K * I<r£) i s  the " o sc illa to ry -aero
lo n g itu d in a l-s ta b ility  parameter” . A serious problem
a r ise s  in  deriving these expressions when no assumption i s  made 
concerning the magnitude o f angle o f a tta ch . There i s  then no rigorous 
and lo g ic a l way o f  expressing the dimensional aerodynamic c h a ra c ter istic s  
in  terms o f  the conventional nondimensional aerodynamic p a r tia l  
d e r iv a t iv e s .
Rather than trying to  express the measured dimensional aerodynamic 
c h a ra c ter istic s  o f a r ig id  body in  te n is  o f  p ossib le  fr e e * flig h t  
variab les, they w il l  herein be expressed in  terras o f the variab les  
a ctu a lly  measured in  the wind tunnel in  a manner sim ilar to th at o f  
reference 3, with no r e s tr ic t io n s  being placed on angle o f  attack .
Thus, the dam ping-in-pitch parameter i s  expressed as Cmj the
o sc illa to r y - lo n g itu d in a l-s ta b ility  parameter i s  expressed as
the ndamping-in-pitch parameter" CL, + Cx
where 9 i s  the one angular degree o f  freedom allowed
5the model in  the wind tunnel. This procedure presents no d i f f ic u l t i e s  
because a t any mean angle o f attack the dimensional values o f  Caero
nondimensional forms are m u ltip lied  by the proper dimensional! zing  
fa c to r s .
1 .2  The D iffe re n tia l liquation o f  Motion
Considerable a tten tio n  w il l  be given to  se tt in g  up the d iffe r e n t ia l  
equation for the r ig id  body in  order to  emphasize the fundamental 
re la tio n sh ip s between the nondimensionol aerodynamic d er iva tives and 
the more fam iliar  mechanical concepts o f s t i f fn e s s ,  damping, and 
in e r t ia .
The a n a ly sis  o f  th is  to rsio n a l system i s  based upon Hewton’s 
second law in  the form
r ig id  body, I i s  the mechanical aom ent-of-inertia  c o e ff ic ie n t  o f
r ig id  body.
As w i l l  be explained in  section  2.12,  the body being te sted  (the  
model) i s  mounted on the o sc illa tio n -b a la n ce  mechanism. The combination 
o f  the model, a portion o f  the o s c il la t io n  balance forward o f the moment 
sensing strain-gage b ridges, *m& the mechanical spring o f the o s c i l la t io n -  
balance mechanism forms a ‘'model system" which has limbed mechanical
and (K -  Icd=J)aero are im aeuiately ava ilab le  when th e ir  resp ective
(1)
where M i s  the summation o f  the moments o f force applied to  the
the r ig id  body, and #  i s  the instantaneous angular acceleration  o f the
6ch a ra cter istic s  o f  to rsio n a l s t i f fn e s s ,  K, viscous damping, C, 
and moment o f in e r t ia , X,
A sinusoidal forcing function i s  imposed upon the model system 
by using a r ig id  mechanical device (described in  sectio n  2.12) to  
produce o s c il la t io n s  in  p itc h .
Forcing function = Meia>t (2)
This forcing function produces a time-dependent change in  the 
angular p o sitio n  o f  the model system with respect to  the supporting 
stin g  such that
Instantaneous angular displacement « 9 
Instantaneous angular v e lo c ity  ~ §
*•
Instantaneous angular a ccelera tion  ~ 3 
The c o e ff ic ie n t  o f  the mechanical torsion a l s t i f f n e s s ,  K, and the 
c o e f f ic ie n t  o f  the mechanical viscous damping, C, for the model 
system are both p o s it iv e  and g ive r is e  to  torques
Torque due to  angular displacement » -K3 1 
and > (3)
Torque due to  angular v e lo c ity  « -C§ J
Hie negative sign  on K3 in d ica tes  that the torque due to  angular . 
displacement o f  Hie mechanical spring acts in  opposition  to  the angular 
displacement and lik ew ise  the negative sign on C9 in d ica tes  that the 
torque due to  angular v e lo c ity  acts in  opposition  to  the v e lo c ity .
The s ta t ic  p itch ing moment which would e x is t  i f  the model were at 
any angle o f  attack other than the trim  angle o f attack (angle o f attack  
where Cja » 0) w i l l  be a torque about the a x is  o f  o s c i l la t io n .  Hi i s
7torque need not be considered in  the equation o f  motion because i t  
i s  exactly  balanced by i t s  eq u ilib ran t imposed on the model by the 
supporting s t in g . (The model i s  forced by the s tin g  to  be ,ftrimmed" 
a t each mean angle o f attack a t which data are taken.)
In a manner sim ilar to  that used in  reference 2 , the aerodynamic 
torques which a r ise  from the motion o f the model are expressed as 
functions o f  instantaneous angular displacem ent, instantaneous angular 
v e lo c ity , and instantaneous angular acceleration  in  the form
Incorporating equations (2 ) ,  (p ), and (k)  in to  equation ( l )  g ives
Combining c o e f f ic ie n ts  o f l ik e  terms and rearranging g ives the 
desired  d if fe r e n t ia l  equation o f  motion o f the model system which i s  a 
ty p ica l nonhomogeneous lin ea r  d iffe r e n t ia l equation o f  the second 
order with constant c o e f f ic ie n ts
(5)
aerodynamic mechanical forcing
torques torques function
1 = Meia,t (6)
Before equation (6) i s  solved i t  i s  convenient to  convert the 
dimensional p itch ing moment M to  a nondimensional pitch!ng-aoment 
coef f  i  c ien t Cm.
aI t  i s  shown in  reference k by dimensional an a lysis  that the force  
acting  on so lid s  moving through f lu id s  can be expressed in  the form
Force » F = Cp ~  pV^A
where Cjp i s  a nondimensional force c o e f f ic ie n t .
Since a moment (o f  force) i s  the product o f  a force and a length , 
a moment can be expires sed in  terms o f a nondimensional moment 
c o e f f ic ie n t  as
Moment ~ (fo rce)(len g th ) » ~  pV2A^  (length) (7)
where %  i s  a nondimensional moment c o e f f ic ie n t .
The length  on the right-hand side o f equation (7 ) i s  u sually  
chosen to  be the len gth , d, which appears in  the d e f in it io n  o f  
Reynolds number. Thus, as derived in  reference h
Pitching moment * M ~ J  pV^ Ad (8)
where Cm i s  a nondimenBional pitching-moment c o e f f ic ie n t .
Since the dynamic pressure i s
Q = i  PV2 (9 )ci
i t  fo llow s that
M
C® “ QSd (l0 )
Dividing equation (6) by QAd g iv es
dC, K b  + U t -  - _ S  9 + I - a .  -  p i l e
.QAd ^9 y \OM d9 / VQAd c)3 7
M  ^lent 
QAd
(IX)
Thus, by using the ch a ra cter istic  t in e  ^  to  nondiiaensionalize 
the d er iv a tiv es  o f 0, by d e fin it io n
Cme* -
(12)
From equations (12) it follows that
S?c -
3 T  v£ ^
C“ i3 (15 )
ac
— a  = CmS3 3
S u b stitu tion  o f  equations (13) in to  equation ( l l )  g ives the desired  
d if fe r e n t ia l  equation o f motion.
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I t  i s  apparent from the left-h an d  aide o f  equation ( l4 )  that 
Cm,vj i s  the aerodynamic equivalent o f K and that a t a trim angle 
o f  attack a negative value o f  Cmn would in d ica te  that the r ig idvj
body has s ta t ic  s ta b i l i t y  in  p itch  about th at trim  angle o f  attack .
At angles o f attack  other than those o f trim , the value o f Cmg 
in d ica tes  tlie lo c a l slope o f the s ta t ic  pitching-raoiaent curve.
i
Likewise, Cja. i s  the aerodymoiiic equivalent o f C and a negative3
value o f  Ca |  would Indicate th at the r ig id  body has p o s it iv e  aero­
dynamic damping in  p itch . C^* i s  the aerodynamic equivalent o f I  
and a negative value o f  C^* would in d icate th at tlie r ig id  body has 
p o s it iv e  aerodynamic in e r t ia  in  p itch .
1-3 Solution  o f  tl^e D ifferen tia l Equation o f  Motion
The complete so lu tion  to  equations such as equation ( l4 )  co n sis ts  
o f two p a rts . The f i r s t  part i s  obtained by so lv in g  equation ( l4 )  
when the term representing the forcing function  i s  d e le ted . This 
tra n sien t so lu tio n  d escrib es the free motion o f  the model system in  
tlie absence o f tlie forcing function . The second part i s  any so lu tion  
o f  the nonhomogeneaus equation. This stead y-sta te  so lu tion  describes  
tlie response o f  the system to  the forcing function and the behavior 
which i t  represents i s  c e lle d  the forced motion.
In the small-amplitude fo r c e d -o se illa t io n  technique o f dynamic- 
s ta b i l i ty  te s t in g , the ex isten ce  o f  the tran sien t so lu tion  i s  never 
allowed because both the frequency and the amplitude o f  the motion 
are r ig id ly  con tro lled  such th at a t a l l  tim es the complete 1 so lu tion 'r
WU
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i s  known to  be the forced stea d y -sta te  so lu tion
3 ,  (i:
where '>) i s  the phase angle between the applied moment o f  the forcing  
function , M, and the resu ltin g  angular displacement o f amplitude 0 . 
The actual unknowns o f  the d if fe r e n t ia l  equation are the c o e ff ic ie n ts  
which can be determined i f  M, 0 , q, and to are known. From 
equation (15) i t  fo llow s that
Substitu tion  o f  equations (15) and ( l6 )  in to  equation ( ik )  and
i t  i s  a simple matter to  equate the in-phaee and quadrature exponents
C d r 
OAd " y
3y using the Euler id e n tity
e iT* = cos q + i  s in  q
o f equation ( l ? ) •
Equating tlie in-phase-w ith-displacem ent components g ives
f  K „ ^ „ 2 f I a2 „ A M cos n
* °» sj " ^ < 351  '  “ # 3 (18)
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and equating the quadrature components g ives
“(juL ' I  S i) “ MQM9
Solving equations (lB) and (19) io r  the nondimensional aerodynaanie 
parameters g ives
r< M COS q (K -
ca3 * hjjrJ Cjaj * -  Sffii * '
C«9
Y f l  M . a l n .n g g e chA , }
d V. QAdaj) QAd 7
where the mechanical ch a ra c ter is tic s  are now e x p l ic i t ly  id e n tif ie d  by 
the addition o f the subscript Mmech.1!
In order to  take mechanical or tare values in to  account, a 
d is t in c tio n  i s  made between vind-on and w ind-off data. Thus, for wind- 
on measurements equations (20) and (21) may be w ritten
.. A* cos .f\ (K '  I“2 )oech ,„„>
i y - J  ^ 0  o n  + m  (2 2 )
and
c • - . 2Wno -  d
( M s in  tA + ^mech 
" V QAd
on
(23)
In order to  determine the mechanical properties o f  the system, 
w ind-off measurements tare made. From equations (20) and (21) i t  fo llow s  
th a t when the aerodynamic terms are zero (wind o ff)  the mechanical 
prop erties o f  the system are
13
(K - Ia£) me eh
M cos
wind o f f
(2k)
and
'mech ~ 1 Qn
wind o f f
(2^)
Su bstitu tion  o f  equation (24) Into equation (22) and o f  
equation ( 25) in to  equation ( 23) g iv es  the desired expression for the 
aerodynamic c h a ra c ter istic s  o f the model in  terns o f measurable 
q u a n tit ie s .
1 .4  Nondimensional S ta b il ity  Parameters
Thus the o sc illa to r y - lo n g itu d in a l-s ta b ility  parameter i s
c  f ^ Y c  s J L  
®e ’  [y  J m9 QAd
M cos r\ 
0 wind on
fVL cos ■)
wind o f f
and the damping-in-piteh parameter i s
CmQ QAd2
M s in  rn _ /M s in  rA
-'wind on ^ ( -'wind o f f
(26)
(2f)
The values o f  A and d are re la ted  to  the geometry o f  the body being  
te s te d  and are measurable by d ir e c t  means. The equations used to  determine 
the values o f  V and Q are found in  reference 5* Thus, in  order to  
determine i t  i s  necessary to  measure wind-on
and w ind-off values o f M, 6 , i}, co.
I k
Noting that the wind-on measurements g ive the sum o f the aerody­
namic and mechanical c h a ra c ter is t ic s , the wind-on terms may he w ritten  as
= (K -  I^ Jaero * (K -  I ^ L ch (28)
v- -'wind on
and
f  ** ^aero * ^rnech (^9)
 ^ 'wind on
Ey using equations (2*f), (2p ), ( 28) ,  and ( 29) in  equations (26) 
and (27) i t  fo llow s that the o sc illa to r y - lo n g itu d in a l-s ta b ility  
parameter i s
%  •  ( ¥ ) S°* 9 = * qm (k ■ (30)
end the dam ping-in-pitch parameter i s
" m “ 2 c oero (31)
This form o f  the equations makes c lear the a sso c ia tio n  between the  
nondimensional aerodynamic parameters and tlie aerodynamic ch a ra c ter istic s
C and (K - Ia£)aero v eero
CHAPTER I I
METHOD OP TEST
2.3. Mechanical Equipment
This sec tio n  g iv es  a general d escrip tion  o f  the mechanical equip­
ment used in  the t e s t  under the headings o f  wind tunnels and o s c il la t io n  
mechanism.
2.11 Wind Tunnels
Three wind tunnels were used to  obtain the data presented herein . 
Common to  a l l  the tunnels was the a b i l i ty  to  control r e la t iv e  humidity 
and to ta l  temperature o f the a ir  in  the tunnel to  prevent condensation 
shocks.
The data from a Mach number M o f  0 .20  to  1 .20 were obtained in  
the Langley 8- fo o t transonic pressure tunnel (8 - f t  TFT). This s in g le - 
return tunnel has a t e s t  sec tio n  about 8 fe e t  square and 5 fe e t  long 
with s lo tte d  f lo o r  and c e ilin g  to  permit continuous operation from low- 
subsonic speeds to  a Mach number o f  about 1 .2 0 . The an gle-of-attack  
mechanism m aintains the model near the tunnel center l in e  and has a
O orange from about to  l*f when used in  conjunction with the o s c il la t io n -  
balance mechanism.
The data a t  M -  2 .00  and M ** 4 .63 were obtained in  t e s t  sec tio n s  1 
and 2, r e sp ec tiv e ly , o f  the Langley Unitary Plan wind tunnel (UFWT).
15
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Each o f  these sin g le-retu rn  tunnels has a t e s t  sec tio n  about k f e e t
i
square and 7 fe e t  lon g . Asymmetric s lid in g  blocks can be used to  
change the Mach number from about 1.47 to  2.87 in  t e s t  sectio n  1 and 
from about 2 .JO to  4.65 in  t e s t  sectio n  2 . The angle- o f- attack  
mechanism has a to ta l  range o f about 25°  when used in  conjunction with  
the o s c il la t io n  mechanism. The exact angles o f  attack  obtained depend 
upon the r e la t iv e  o r ien ta tio n  o f the o s c il la t io n  mechanism and the 
an g le-o f-a ttack  mechanism.
2.12 Osci3.lation-B6Q.ance Mechanism
Exploded and assembled views o f  the forward portion o f  the 
o sc illa tio n -b a la n ce  mechanism are presented as figure 1 . The 
oscill& tion-balance mechanism co n s is ts  o f  a strain-gage balance which 
i s  r ig id ly  forced to  perform a single-degree-of-freedom  angular 
o s c i l la t io n .  The rotary motion o f  an omplidyne controlled  d-c motor 
i s  used to  g ive tlie e s s e n t ia lly  sinusoidal o sc il la to r y  motion to  the 
balance through a crank and Scoteh-yoke mechanism. The frequency o f  
o s c i l la t io n  can be varied from near 0 to  about 25 cycles  per second.
A mechanical spring i s  mounted in sid e  the o s c il la t io n  balance in  such 
a way th at tlie model being te sted  i s  connected to  ground (the supporting 
stin g ) through the spring as w ell as through tlie moment sensing stra in -  
gage beams o f  the o s c i l la t io n  balance. The irechanical spring has 
mounted to  i t  a wire strain-gage bridge which provides on output 
voltage proportional to  model displacement with respect to  the fixed  
s t in g .
IT
2 .2  Me asurene nt s
Developed in  d e ta il  in  chapter I  ore the equations for the 
os d ila to r y - lo n g !  tudinal -  s t  ab H i  ty  parameter (eq . ( 26))  and the damping* 
in -p itc h  parameter (eq . (2 7 ) ) .  As pointed out in  chapter I ,  in  order 
to  determine these parameters i t  i s  necessary to  know the wind-on 
and w ind-off values o f  M, 9 , q, and o* A block diagram o f  the 
e lec tro n ic  c ir c u its  which are used to  determine M, B, rt,  and <a i s  
presented in  figure 2( a ) . Also shown in  figure 2(a) axe the m thexaatieal 
representations o f the s ig n a ls  a t each stage in  both tlie M and B 
c ir c u it s .  Where necessary, d e ta ils  o f  the various components w il l  be 
given in  the sectio n s which fo llo w .
2.21 Determination o f  M
As shown in  figure 2 (a ) ,  the ^ -k ilo cy cle  voltage source supplies  
2 .5  v o lts  m s to  two semiconductor four-arm strain-gage bridges located  
on bean elements o f the- o s c il la t io n  balance. (For s im p lic ity , the two 
bridges are shown in  figure 2 as a s in g le  moment b rid ge.) The bridges 
are p h y sica lly  forward o f the o s c il la t io n  ax is o f  the balance and are 
positioned, in  such a way that one bridge i s  prim arily se n s it iv e  to
p itch in g  moments and tlie other bridge i s  prim arily se n s it iv e  to  normal
fo rces . 53ae outputs o f the two bridges are combined at tlie o s c il la t io n  
balance in  such a manner th at any moment with respect to  the o s c il la t io n
a x is  which i s  applied to  tlie balance produces an output voltage which
i s  d ir e c t ly  proportional to  the applied moment. TIius, tiie o sc illa to r y  
moment o f the forcing function  modulates the >-k ilo c y c le  carrier  
voltage a t the frequency o f  o s c il la t io n  o f  the model system. Ihe
modulated sign al from the bridges i s  then am plified by a constant-gain  
lin e a r  am plifier and passed through an induction x*e so lver which i s  
ro ta tin g  a t the frequency o f o s c il la t io n  o f the model system. (The 
induction reso lver i s  e s s e n t ia lly  a. transformer with rotary variable  
coupling between primary and secondary windings. The windings are 
d istr ib u ted  in  the various sta tor  and rotor s lo t s  in  such a manner as 
to  obtain a true sinusoidal transformation r a t io . The transi'orxiation 
r a tio s  o f the two secondary windings d iffe r  in  phase by with  
respect to  e ith e r  primary winding as the rotor i s  turned.) The reso lver  
reso lv es  the input s ig n a l in to  orthogonal components which are demodulated 
by p h a se-sen sitiv e  demodulators. The resu lt in g  s ig n a ls  are f i l t e r e d  
and read on d ig ita l  voltm eters. The reso lv er-filter -'v o ltm eter  system  
shown in  figure £(a) performs the very important function o f acting  
as an extremely narrow band-pass f i l t e r  and completely elim in ates the 
e f fe c t s  o f  random moments due to  air-stream  turbulence or other causes.
The unique feature o f  th is  type o f  f i l t e r  i s  that the center frequency 
o f the band i s  always the frequency o f o s c il la t io n  o f the model system.
The p r in c ip les  involved are explained in  d e ta il  in  references 6 and 7 .
The voltm eter readings are m u ltip lied  by the factors necessary to  
account for s e n s it iv ity  and am plifier attenuation  se tt in g s  and the 
value o f M i s  determined from the re su ltin g  orthogonal components 
referenced to  the rotor p o sitio n  o f  the moment re so lv er .
The determination o f  tire s e n s i t iv i t i e s  i s  accomplished by producing 
a known unbalance o f  the strain-gage bridges by using a r e s is to r  which 
can be in serted  across one arm o f  the bridge. Figure 2(b) shows the
moment c ir c u it  in  block diagram form with the mathematical representation  
o f  the s ig n a ls  a t each stage which would be present during the determina­
t io n  o f the s e n s it iv ity  constant for the portion  o f the c ir c u it .
The other s e n s i t iv i t ie s  are determined In the same manner.
£.22 Determination o f  9
As can be seen in  figu re 2 (a ) , the e lec tro n ic  c ircu itry  used to  
determine the amplitude o f  the angular displacement 9 i s  id e n tic a l  
to  that which i s  used to  determine M with the exception that 10 v o lts  
rms axe applied to  a s in g le  four-ana wire strain-gage bridge. As was 
noted in  2 .12, the displacement bridge i s  located  on the raee’panical 
spring o f the o s c il la t io n  balance and g ives an output d ir e c t ly  pro­
portional to  angular displacement o f  the o s c il la t io n  balance with respect  
to  the supporting s t in g . The value o f  9 i s  determined from the orthog­
onal components o f Q referenced to the rotor p o sitio n  o f the d isp lace­
ment reso lv er .
2.23 Determination o f  ?■
The M and 8 x-esolvers are p h y sica lly  a lin ed  so th at the components 
o f M and 9 are, in  e f f e c t ,  referred  to  a common reference a x is  system. 
The angle between M and the inference r rode i s  determined from the  
orthogonal components Mi end ^
and the angle between 9 and the reference r ax is i s  determined from 
the orthogonal components % and
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The desired phase angle i s  thus n * 5 -  fc.
2.2^ Determination o f  o
As shown i s  figure 2 (a ) ,  there i s  fastened to  the sh aft o f  one o f  
the reso lvers a 100-to o th  gear which, in  conjunction with an induction  
c o il  pick-up, i s  used to  generate 100 p u lses per c y c le . The pulse© 
are am plified , lim ited , and sen t to  an e lec tro n ic  counter where the 
number of pu lses per second i s  counted. Because the le a s t  count o f  
th is  system i s  one pulse per cy c le , the accuracy increases with  
in creasing frequency. For example, a t k cps, frequency i s  determined 
to  about one part in  400 and a t  10 cps, frequency i s  determined to  
about one part in  1000.
CHAPTER I I I
TESTS OF SPHERE
3.1  T est Sphere
The design dimensions o f  the t e s t  sphere are g iven  in  figure 3 
and a photograph o f  the t e s t  sphere in s ta lle d  on the o s c il la t io n -  
balance mechanism i s  presented as figu re h .  The sphere was made o f  
g la s s - f ib e r  c lo th  and p la s t ic  and was secured to  the o s c il la t io n -  
balance mechanism by means o f  an aluminum adapter. The three o s c i l la ­
t io n  centers shown in  figu re 3 were obtained by using adapters o f  
d iffe r e n t  len g th s. The t e s t  sphex*e has a w all th ickness o f  about 
0 .2 0  inch and i s  s u f f ic ie n t ly  r ig id  to  prevent s ig n if ic a n t  deforma­
tio n s  due to  aerodynamic or in e r t ia  load s. The base opening in  the 
sphere necessary for s tin g  clearance i s  a lso  shown in  figu re 3 «
Three-dimensional roughness in  the fora o f  sparsely d istr ib u ted  
grains o f  Ho. 60 corborun&um, which has a nominal, height o f  0.0117 inch  
(about 300 microns) , was applied in  a 1/3 -in ch  wide band to  the sphere 
for  one t e s t  o f  configuration 2 at M = 2 .0 0 . The lo ca tio n  o f  the 
roughness i s  shown in  figu re 3 *
3 .2  Test Conditions
D eta ils  o f  the t e s t  values o f  Mach number, Reynolds number, reduced- 
frequency parameter, and mean angle o f  attack  for the three configurations  
te s te d  may be obtained fro© the p lo tted  data and keys o f figu re 5 *
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A constant froe-stream  Reynolds number o f  about 2 x 10^> based on the  
diameter o f  the sphere, was maintained throughout the t e s t  except a t  
the low est t e s t  Mach number o f  0 .2 0 . At M ~ 0 .20  i t  was p ossib le  
to  g e t both a sub c r i t ic a l  Reynolds number o f 0 .27 x 1<>£ and a super-
/r
c r i t ic a l  Reynolds number o f  1 .00  x 10 .
The three-dim enoional roughness described in  sectio n  3*1 was 
added to  the sphere to  insure a turbulent boundary layer  forward o f  
the lo ca tio n  o f  flow separation. The s iz e  and lo c a tio n  o f  the roughness 
was determined by the method o f  reference 8 ,
A ll data were taken a t  the frequency o f  v e lo c ity  resonance for  the 
o s c i l la t in g  system except a t H 0.75 where some additional data'were 
taken a t about tw ice and on e-h alf the frequency o f  v e lo c ity  resonance 
a t a  0° .
Tunnel to ta l  temperature was varied from 100° F to  110° F in  the 
8- f t  TFT depending on Mach number and was held  constant a t 123° F and 
175° F in  IT O  t e s t  sectio n  1 and UPWT t e s t  sec tio n  2, r e sp ec tiv e ly . 
Dynamic pressure was varied from l^ A  p sf  a t M ~ 0 .20  to  588 p sf a t  
M * 2 .0 0 . The speed o f the a irflow  varied from 231 f t / s e c  at*
M -  0 .2 0  to  about 2 ^ 7  f t / s e c  a t M -  ^ .63 .
The amplitude o f  the forced o s c i l la t io n  was approximately 2°, 
ranging from I . 890 to  2.03°* (The range in  o s c il la t io n  amplitude for  
the sphere was to  a large ex ten t the r e su lt  o f  excessive  clearance due 
to  wear between the crank and Scotch-yoke shown in  figure 1 . The sm aller 
amplitudes occur ju s t  below the frequency for v e lo c ity  resonance whereas 
the larger  amplitudes occur ju s t  above the frequency for v e lo c ity  
resonance where the in e r t ia  force overcomes the spring force and allow s
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the o s c il la t in g  system to  "fan out*’ to  the exten t allowed by any 
clearance between the crank and Scotch-yoke. Because the o s c il la t in g  
system was u su a lly  being operated very near the frequency for v e lo c ity  
resonance, the motion o f  the sphere remained e s s e n t ia lly  s in u so id a l. 
Although unpublished data have shown that changing the amplitude o f  
o s c i l la t io n  from 2°  to  1°  can have an e f fe c t  on the data, these e f f e c t s  
were only observed in  regions where changed very rapid ly with a .
The e f f e c t  i s  c le a r ly  one o f  averaging the nonlinear aerodynamic 
ch a ra c ter is tic s  over d iffe r e n t ranges o f  a .  Since the change in  C& 
w ith a  for any o f  the sphere configurations i s  gradual, i t  i s  b elieved  
th a t the s lig h t  varia tion  in  sng&ltude had no e f fe c t  on the data 
presented h erein .)
3*3 Corrections
3.31 KLow Angularity
The values o f  mean angle o f  attack  have been corrected fo r  flow  
angularity in  the t e s t  sec tio n . The corrections apply s t r ic t ly  only  
for  a model a t  the v e r t ic a l center o f  the wind tunnel, however, inasmuch 
as the data near a  = 0°  i s  o f  primary in te r e s t  and the a  - 0°  data 
were taken near the center o f the wind tunnel, a constant value o f  
flow  angularity was applied to  a l l  o f  the data as a f ir st-o r d e r  
correction  to  the measured mean angle o f  attack .
3 .32  Tunnel C onstraints
Ho corrections for tunnel con stra in ts have been app lied . The e f f e c t  
o f  the tunnel w alls  are assumed to  be small and are n eg lected . The 
e f f e c t  o f  the supporting s tin g  was not in vestiga ted  but i s  assumed to
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be m a ll  and no corrections have been applied . Further comments 
concerning stin g*in terferen ce e f fe c t s  are made in  sectio n  ^ .1 .
3*33 Tare Values
The determination o f  wind*off or tare ch a ra c ter is tic s  i s  discussed  
in  appendix 1 . Because the mechanical spring o f  the system m s  used 
for a number o f  wind-tunnel t e s t s  in  addition to  the te s t in g  o f the 
sphere, i t  was p ossib le  to  g et an accurate value for  « W v  
average value o f  as determined froaa 102 s e ts  o f  tare data
(co n sis tin g  o f over 600 datum p oin ts) was 3&.6 f t - lb /r s d  with a 
probable error o f  ±1 .1  f t - lb /r a d . The rather large magnitude o f  the 
probable error has subsequently been traced to  a random aero s h if t  in  
the output o f  the moment bridge with changing temperature. A zero 
s h if t  in  i t s e l f  has no d ir e c t  e f f e c t  on the data obtained while the 
balance i s  being o s c il la te d , however, because the s e n s it iv ity  o f  the 
c ir c u its  are determined s ta t ic a l ly ,  the random s ta t ic  2ero s h if t  
resu lted  in  considerable sca tter  in  the s e n s it iv ity  constants which 
have a d irec t e f f e c t  on the data.
The average value o f  u£ for w ind-off v e lo c ity  resonance for a 
given  configuration was divided in to  the average value o f to
determine I ^ ch for  the d ifferen t configurations. (Because the 
method o f  operation d ic ta te s  th at a? for v e lo c ity  resonance i s  determined 
by n u llin g  the in-phase-with*displaceroent component o f  the moment s ig n a l,
4
the s e n s it iv ity  o f  the moment balance has no f ir s t-o r d e r  e f fe c t  on the 
determination o f  a? for v e lo c ity  resonance.)
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As pointed out in  appendix I ,  the value o f  was determined
a t the frequency o f wind.-off v e lo c ity  resonance for each configuration  
and applied as a correction  to  the wind-on data. The tare values o f  
C were generally  a t  le a s t  an order o f magnitude sm aller than the 
wind-on values o f  C except fo r  configuration 2 a t the 8- fo o t  TPT 
where the seaall values o f  wind-on damping c o e f f ic ie n ts  were o ften  o f  
the sazae magnitude as the tare values o f  the damping c o e f f ic ie n t .
3 .b  Presentation o f  R esults
The damping-in-pitch parameter end the o s c illa to r y -
/njd\2lo n g itu d in a l-s ta b ility  parameter are presented
graph ically  in  figure 5 as functions o f  mean angle o f  attack  a  for  
the various Mach numbers.
CHAPTER IV
DISCUSSION OF RESULTS
h . l  Qs cllla tory-L on gi tud inal- S ta b il i  ty  Parameter
The o s c illa to r y - lo n g itu d in a l-s ta b ility  parameter g ives the  
average slope o f  the osc'illatory-pitching*mom ent-with, angle-of* attack  
carve over the an g le-o f- attach range from a  -  3 to  a ♦ O, where 3
ie  the amplitude o f  the forced o s c i l la t io n .  A negative value o f  th is
parameter a t a trim  angle o f attack in d ica tes  that the sphere ie  
dynamically stab le  with respect to  th at trim  angle o f  attack .
Referring again to  figu re i t  i e  seen th at the o s c il la t io n
centers for configurations 1 , 2 , and 3 are resp ectiv e ly  forward o f ,  
coincident w ith , and rearward o f  the geometric center o f  the sphere. 
S ta tic  pitching-moment data were not obtained for the three configurer 
t lo n s , however, from symmetry considerations I t  i s  c lear  th at i f  the flow  
conditions over the sphere were symmetrical would be zero for a l l  
three configurations a t a  ~ 0° and therefore a = 0° would be a 
trim  angle o f  attack  for the three con figu ration s. Assuming th at only  
symmetrical drag forces are acting  on the sphere as angle o f  attack  Is  
v a iled , i t  would a lso  be expected th at a t the s ta t ic  trim p o sitio n  a t  
a * 0° configurations 1 , 2,  and 3 would ex h ib it  resp ectiv e ly  p o s it iv e ,  
n eu tra l, and negative s ta t ic  s ta b i l i t y  in  pitch* (P o sitiv e  s ta t ic
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s ta b i l i ty  in  p itch  at a s ta t ic  trim  p o sitio n  I s  indicated  by a negative 
value o f the s ta t ic - lo n g !tu d in a l-s ta b ility  c o e f f ic ie n t  Ca ,,.) As can , 
be seen in  figure 5 , a progressive trend toward decreased o sc illa to r y  
s t a b i l i t y  a t a  ~ 0° i s  observed for configuration 1 as Mach number 
i s  decreased from M ~ 2*00 to  M ~ Some unexpected data were
obtained a t a  » 0° ,  U -  O.58 where th is  apparently s ta t ic a l ly  stab le  
configuration e x h ib its  pronounced o sc il la to r y  in s t a b i l i t y .  Although 
these data have not been v e r if ie d , th is  o sc illa to r y  in s ta b i l i ty  
in d ica tes  th a t p ossib ly  at the reduced frequency a t  which the data 
were taken, the oerodynazaic-inertia term C^ ** was dominant in  the 
o s c il la to r y - lo n g itu d in a l-s ta b il ity  parameter Cm  ^ -  o»g- U
method by which the values o f  and C j m a y  be obtained experi­
m entally by using the amall-aaaplitude fo r c e d -o sc illa tio n  t e s t  technique 
i s  presented in  appendix I I . )
The nearly neutral, o sc illa to r y  s ta b i l i t y  which was expected a t  
a  ~ 0° for configuration 2 i s  seen a t M = 0.5&, 0*90, 1 .0 0 , 1 .2 0 , 2 .0 0 , 
and a t the higher Reynolds number a t M -  0 .2 0 . However, th is  configura­
t io n  has o s c il la to r y  s ta b i l i t y  a t the lower Reynolds number (su b c r it ic a l)  
a t M » 0 .20  and o s c illa to r y  in s ta b i l i ty  a t  Mt= ^ .6p. Anomalous
r e su lts  were obtained for both the damping and the o s c i l la to r y - s ta b il i t y  
data for th is  configuration a t M *= 0.79* Data a t about tw ice and one- 
h a lf  the frequency o f v e lo c ity  resonance was obtained a t a  = 0°  when 
very erra tic  voltm eter readings were observed a t the frequency o f  
v e lo c ity  resonance. Although there appears to  be an e f fe c t  o f  frequency
o f o s c il la t io n  on the o s c i l la to r y - s ta b il i t y  data, i t  i s  improbable th at
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th is  i s  the case because (to  the f i r s t  order) there can be neither a 
nor a Cj^ .V term for th is  configuration with the o s c il la t io n  
and geometric centers coincident* This rather awkward looking data i s  
probably the r e su lt  o f  asyraraetrical surface conditions on the sphere 
which caused asymmetrical flow  and hence asymmetrical drag over the 
sphere. Some experimental, v e r if ic a tio n  that the anomalous r e su lts  are 
due to  asymmetrical, flow con p o ssib ly  be obtained from tire lim ited  
fix e d  tra n sitio n  data for configuration 2 a t M « 2 .00  shown in  
figu re ^ (g ) . A p o s it iv e  value o f  the o s c iU a to r y -s ta b ility  parameter 
was measured for the supposedly smooth sphere in d ica tin g  asyssaetrical 
flow  whereas with fixed  tra n sitio n  and therefore more symmetrical 
flow , the o s c il la to r y - s ta b il i ty  parameter was zero  as would be expected. 
At M -  2 .00 the o s c il la to r y - s ta b il i t y  parameter o f  configuration 5 
i s  a mirror image o f  the o s c i l la to r y - s ta b il i t y  parameter o f co n fig u re  
t io n  1 . This expected equal and opposite re la tio n sh ip  i s  seen to  
become somewhat more d isto rted  as Mach number i s  decreased to  M * 1 .20  
and M sa 1 *00* At M = 0.p6 the trends in  the o s c i l la to r y - s ta b il i t y  
parameters for these two configurations are sim ilar for a  0°  and 
diverge sharply a t  a  « The s l ig h t ly  asymmetrical data obtained
for th is  configuration a t M * 1 .2 0  and H « 1 .00  are again b elieved  
to  be the r e su lt  of flow asymmetry over the sphere due to  d ifferen t  
degrees o f surface roughness above and below the horizontal center l in e  
o f the sphere. The r e su lts  obtained at a  * M » 0.^8 in d icate  
th at w ith the thinner boundary layer which e x is t s  for  th is  Mach number, 
the e f f e c t s  o f  surface asymmetry were s u f f ic ie n t  to  change completely
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and d r a s tic a lly  the flow  over the sphere. The p o s s ib i l ity  o f  asymmetrical 
stin g  in terferen ce e f fe c t s  does e x is t  because the supporting s tin g  used in  
the 8- f t  TFT becomes s l ig h t ly  asymmetric in  the p itch  plane about 2 f e e t  
downstream o f the o s c il la t io n  a x is .  Asynsaetrical forces being trans­
mitted. through the subsonic boundary layer o f  the s tin g  m s  considered  
as a p o ssib le  cause o f the observed asymmetrical data. However, the 
fa c t  th at configuration 1 was 2 inches c lo ser  to  the s tin g  asymmetry 
than configuration 5 (due to  the spacers mentioned in  sectio n  5 *1 ) and 
th at the data for configuration 1 was completely free  o f  the asymmetry 
seen in  the data for configuration strongly  suggests that the 
asynenetrieai s tin g  did not produce the asymmetrical data obtained for  
configuration  5 * In addition , the data o f reference 9 shows th at the 
e f fe c t s  o f s tin g  s iz e  and length  on cones w ith spherical-segm ent bases 
i s  very small for the s tin g  -length- to-xaodel*diaxaeter and sting-di&raeter- 
to-aodel-diam eter ra tio s  which e x is te d  for the t e s t s  in  both the 
8- f t  TFT and the UFWT. A d e f in ite  explanation o f the asymmetrical 
data roust await further wind-tunnel t e s t s .
4 .2  Damping-in-pitch Parameter
The daaplng-in-p itch  parameter i s  obtained from the average value 
o f the damping c o e ff ic ie n t  o f  the sphere over the range o f  angle o f  
attack  from a  - 9 to  a  + 9 where 3 i s ,  as before, the amplitude 
o f  the forced o s c i l la t io n .  A negative value o f  t h is  parameter a t any 
mean angle o f attack in d ica tes  th at the sphere experienced p o s it iv e  
aerodynamic damping during the o s c i l la t io n s  about the mean angle o f  
attack .
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The le v e ls  o f  damping for the three configurations do not d if fe r  
as much as the le v e ls  in  o sc il la to r y  s ta b i l i t y .  The changes in  
o sc il la to r y  s ta b i l i t y  w ith mean angle o f  attack are accompanied by 
changes in  damping with mean angle o f a tta ck , As pointed out in  
reference 10, t i l ls  reciprocal re la tion sh ip  i s  o ften  observed, between 
o s c il la to r y  s ta b i l i t y  and damping for high drag b od ies. That these  
parameters change together i s  to  be expected sin ce both parameters 
a r ise  from trie some flow over the body.
The aerodynamic damping data for configuration  1 shows the same 
symmetry about a  = 0°  as the corresponding o s c i l la to r y - s ta b il i t y  
data. P o s itiv e  damping was measured a t a  ~ G° a t a l l  Mach numbers 
a t  which th is  configuration  was te s te d .
The damping for  configuration 2 i s  generally  small except for the 
data a t M = 0.75 which has previously  been described as suspect due 
(probably) to  asyBsnetricol surface con d ition s. So e f f e c t  o f  Reynolds 
number i s  observed on the damping a t M = 0 .20  although, as previously  
mentioned, the lower Reynolds number resu lted  in  s l ig h t ly  greater  
o s c illa to r y  s t a b i l i t y .  The addition o f  the three-dim ensional roughness 
to  configuration 2 a t M - 2 .00 i s  seen to  have had l i t t l e  e f f e c t  on 
the damping.
The damping data for configuration  3 shows the seme degree o f
4
asymmetry about a  » 0°  as the corresponding o s c i l la to r y - s ta b il i t y  data. 
Except for  p o s it iv e  damping a t M « 2 .00 , th is  configuration exh ib ited  
negative damping at a  ~ 0° at a l l  Mach numbers a t  which i t  was te s te d .  
The s lig h t  varia tion  in  o sc il la to r y  s ta b i l i t y  between the three data
p o in ts  a t  a  « 0 ° , M » 2 .00  ic  accompanied by a la rg e  v a r ia t io n  in  
tlie dtmrping. Again, tlie only iuiovn cause fo r  t h i s  v a r ia t io n  ;md 
asyirootxy ic  th e  extreme s e n s i t iv i ty  o f the  f lo v  over th e  sphere to  
th e  su rface  condit:' on o f th e  co h ere .
CHAPTER V
COHCLUDIHG REMARKS
The aerodynamic damping and o s c illa to r y  s ta b i l i t y  in  p itch  o f  a 
sphere a t Mach numbers from 0 .20  to  4 .63 have been determined experi­
m entally in  wind tunnels by using a small-amplitude sin g le-d egree-o f-  
freedom fo r c e d -o sc illa t io n  t e s t  technique. Some d e ta ils  o f  the t e s t  
technique are included for  the b en e fit  o f  other workers in  the same 
f ie ld  who may be in terested , nomenclature su ited  to  th is  type o f  
wind-tunnel t e s t  i s  introduced in  the development o f  the equations 
which were used to  reduce the measured aerodynamic ch a ra cter!sties  
to  nondimerusional forra.
Tests were made a t o s c i l la t io n  a l t i t u d e s  o f about 2° a t o s c i l la ­
t io n  centers forward o f , coincident w ith, and rearward o f the geometric 
center o f the sphere.
Mach number for the configuration with the o s c il la t io n  center forward 
o f  the geometric center. The unexpected o s c il la to r y  in s ta b i l i ty  o f  
th is  configuration at M -  O.58 in d ica tes  th at p o ssib ly  at the reduced 
frequency a t which the data were taken, the u su a lly  ignored oerodynamic- 
in a r tia  term was dominant in  the o s c il la to r y -  s ta b i l i ty  parameter
data obtained herein but a lso  to  determine, by using the method presented  
in  appendix I I ,  the values o f  both Caa arid C ^ .
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o©ie o sc illa to r y  s ta b i l i t y  at a 0 decreases with decreasing
A dditional t e s t s  should be made not only to  v er ify  the
35
The expected o s c i l la to r y - s ta b il i t y  and aerodynmaic-dsBaping 
ch a ra c ter is tic s  were measured for the configurations with the oseU la^  
t io n  centers coincident w ith and rearward o f  the geometric center  
o f  the sphere except for asymnetry in  some o f  the data near a  = 0° .
The observed asymmetry i s  a ttr ib u ted  to  asymmetrical flow over the 
sphere due to  asymmetrical surface con d ition s. The lim ited  amount o f  
fix ed  tra n s it io n  data obtained a t M » 2 .00  in d ica tes  the d e s ir a b il ity  
o f  repeating these t e s t s  with three-dim ensional roughness applied to  
the spheres in  an attempt to  insure symmetrical flow over the spheres.
M KM im
Units
The foot-pound-second system o f  u n its  i s  used herein , however, 
the experimental data are presented in  nondiaensional form.
Axes i
A ll moments, displacem ents, v e lo c i t ie s ,  a cce lera tio n s, aerody­
namic d er iv a tiv e s , and aerodynamic parameters are referred to  body 
axes or ig in a tin g  a t the o s c il la t io n  centers o f the model as shown 
in  figu re 3*
Symbols
The symbols used herein  are defined as follow s:
2A reference area, f t
a speed o f sound, f t / s e c
C viscous-dampicg c o e f f ic ie n t ,  f t - lb -s e c /r a d
d reference len gth , f t
e base o f  natural system o f logarithms
f  frequency o f  o s c i l la t io n ,  c y c le s /sec
I  m om ent-of-inertia c o e f f ic ie n t , f t - lb -  sec^/rad
i  complex operator, i  « \[^1
K sp r in g -s t if fn e ss  c o e f f ic ie n t ,  f t - lb /r a d
M p itch in g  moment, f t - lb
Vfree-stream  Mach number, nondimensional9 a
angular v e lo c ity  due to  p itch ing in  free f l ig h t ,  rad ians/sec
daangular acceleration  due to  p itch in g  in  free f l ig h t ,  -rr,Cl w
rad ians/sec2 
free-stream  dynamic pressure, l / 2  pV2, l b / f t 2 
free-stream  Reynolds number, pV&/u, non&imensional 
tim e, sec
speed o f flow , f t / s e c  
mean angle o f  a ttack , deg or radians 
radians/sec
phase angle between the applied moment o f  the forcing function  
and the angular displacement of the model with respect to  
the s tin g , deg or radians 
amplitude o f  the angular displacement o f the model with  
respect to  the s tin g  (on e-h alf o f  peak-to-peak va lu e), 
radians
instantaneous angular displacement o f  the model with respect 
to  the s tin g , radians 
radians/sec
rad ians/sec2
d t2
absolute v isc o s ity  o f  a ir ,  lb - s e c / f t 2
free-stream  mass den sity  o f  a ir , lb -sec^ /ft^
angular v e lo c ity , 2*tf, rad ians/sec
reduced-frequeney parameter, nondimensional
pitch!ng-moment c o e f f ic ie n t ,  f nondimensional
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Bon&imeneional aerodynamic d eriva tives
Tbe follow ing nondixaensional aerodynamic d er iva tives associated  
•with p itch ing motion are in  terms o f  radians.
li3a
p
W , .  ~  ■ Z ' ~  W »  0 8  1 i l, J "  W j «  ♦  ~  ■ 1 -
f )
'm ~dC-, dCn *u ft. -  — r-^r Vjrg ~
* /ia  9 /M
vy2 7 vy2 >
v ^ ______________ j  k. .. _. j
Conventional d er iv a tiv es  D erivatives
used herein
Hondimens ional aerodynamic parameters
The follow ing non&imensional aerodynamic parameters associated  
w ith p itch in g  motion are in  terms o f  radians. The equation for the 
parameters used herein are developed in  chapter I .
conventional o sc illa to r y - lo n g itu d in a l-s ta b ility  parameter
\2
Cgf- o s c illa to r y - lo n g itu d in a l-s ta b ility  parameter used herein  
Cm + conventional damping-in-pitch parameter
Cm^  damping-in-pitch ''parameter5 used herein
S u b sc rip ts :
aero  aerodynamic c h a r a c te r is t ic s
seen  -acchanicel c h a r a c te r is t ie s
v ind  on rae&suremonts made w ith  Y /  0
wind o il ' Lteasroreine’ito  made w ith  V 0
APPENDIX I
ICTSHMINA3?I0N OF WIND-OFF OR TARE CHARACTERISTICS
Several t e s t s  have shown th at w ind-off or t^re values determined 
a t reduced pressures do not d if fe r  s ig n if ic a n tly  from tare values 
determined a t atmospheric pressure. Consequently, the tare values 
are u su ally  determined from measurements made a t atmospheric pressure. 
(Extension o f  th is  p ractice  to  Mach numbers greater than about 5 niay 
be unwise inasmuch as the serodynamic-dasrping moments u su ally  decrease 
with increasing Mach number. Thus, the very s l ig h t  d ifferen ce between 
tores determined a t  atmospheric pressure and a t g rea tly  reduced 
pressures may be s ig n if ic a n t  In determining the value o f  the damping 
c o e f f ic ie n t  a t hypersonic speeds where tare and wind-on values o f  
damping may be o f  the same order o f magnitude.)
<K - Ik-2 W u
Wind-on data are u su ally  taken a t the frequency o f  wind-on v e lo c ity
i
resonance (forcin g  moment in-phase with v e lo c ity ) .  I t  i s  therefore  
desirab le to  be able to  determine (K -  Io> for any frequency
because the frequency o f  wind-on v e lo c ity  resonance usu ally  changes 
with the changing aerodynamic properties as Mach number and angle o f  
attack  are v a iled . This i s  b est accomplished by obtaining w ind-off
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measurements over a range o f  frequencies and p lo tt in g  f J S S.,JI)
V ./wind o f f
/•>
as a function o f  of-*
(K - In?)  , = Isiech i vi naech
H cos ^  !
8
wind o f f  ! ^ .. slope a '"^ raech
!- -    ------------------------------
'O k
2
03
I 0
I t  can be seen from the sketch th at the a? » 0 in tercep t o f the 
resu ltin g  curve (obtained by extrapolation) g ives the c o e ff ic ie n t  o f  
the mechanical spring o f the system and the slope o f the curve
g iv es  the c o e ff ic ie n t  o f tlie mechanical moment o f in e r t ia  o f  the system
•^ mech*
I t  i s  p o ss ib le  to  determine the proper value o f (K -  Io?)niecii
be used as the tare correction  for any wind-on data point by m ultiplying
o
I ^ c h  ^y va^ue corresponding to  the frequency o f the wind-on
data point and subtracting the r e su lt  from An additional
advantage o f th is  method i s  th at p o ssib le  random eiTors in  the individual 
tare datum points are averaged out in  the stra igh t l in e  fa ir in g  o f  the
*K>
curve and ere not l ik e ly  to  gro ssly  influence the value o f (K -
a t any frequency.
^mech
I t  has been shown in  chapter I  that for w ind-off conditions, the 
mechanical damping c o e f f ic ie n t  i s  given by
. Cmech “ aJ>n A
Due to  a rather large probable error in  determining q (about $2°) 
the g rea test accuracy in  determining the u sually  small value o f  
i s  obtained when the varia tion  o f s in  q with q i s  a rainilaum which 
i s  the case when the system i s  being operated a t v e lo c ity  resonance 
where, by d e f in it io n , •] = or 4r* Because does not vary
with frequency, the value o f determined a t w ind-off v e lo c ity
resonance i s  used as a tare correction  for a l l  o f  the vind-on data 
regardless o f the frequency a t which the ind ividual wind-on datum 
p oin ts were obtained.
APPENDIX I I
SEPARATION OP AND C^.
and Cjq” appear in  combination as the o sc illa to ry -lo n g itu d in a l*
i s  the slope o f  the static-pitching-m om ent c o e ff ic ie n t  versus 
an g le-o f-a ttack  curve and i s  the aerodynamic equivalent of a to rsio n a l-
determined from s ta t ic  pitching-mor,3ent measurements i s  the e f f e c t  o f  
the in e r t ia  term because by d e fin it io n  i s  a s ta t ic
d e r iv a tiv e .
The values o f  both C^ q and Cjug are determined by p lo tt in g  the 
o s c illa to r y - lo n g itu d in a l-s ta b ility  parameter as a function o f ’
(Accurate values o f the o s c il la to r y - lo n g itu d in a l-s ta b ility  parameter 
can be obtained over & large range o f  reduced frequencies by using a 
s u f f ic ie n t ly  r ig id  small-amplitude fo r c e d -o sc illa tio n  t e s t  technique.) 
The in tercep t of tire resu ltin g  curve obtained by extrapolation  to
/W \21^-1 = 0  i s  C ^ . The value o f  Cmg obtained in  th is  manner i s  the 
slope o f  the p it  chi ng-irpm ent-coefficient curve determined at the mean 
angle o f  attack o f  the model and i s  usu ally  in  good agreement with 
values o f cm.j obtained from s ta t ic  pitehing-moment measurements. The
value o f  C ^ . The value o f  i s  usu ally  small and i s  often
s t a b i l i t y  parameter CmQ -  craQ 
Cn** from the value
slope o f  the curve g iv es  the desired
h i
h-'c*
n eg lec ted . Under c e r ta in  co n d itio n s , however, th e  e f f e c t  o i‘ Cny on
th e  o s c i l la to r y  ongituclinal s t a b i l i t y  nay be very pronounced as the
value o f the reduced-frequency ocrcuicter, -~rh ic  increased, from zero .v
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(a) C irc u it  used  to  determ ine M, ©, and o. 
Figure  2 . -  Block diagram o f  e le c tro n ic  c i r c u i t .
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Mj. o u tp u t  b y  n u l l i n g
Mi
1 :1  t r a n s f o r m a t io n
D em odula tor ( l^( sm)
a m p l i f i e r  f o r  
Mj. com ponent
D em odu la to r
a m p l i f i e r  
f o r  Mi 
com ponent
5000 c o u n ts  
50 m .v .
Mi f i l t e r
AMj, counts
E le c t r o n ic  com puter
V o ltm e te r
^  ^ M s ^ g ^ r s  c o u n ts )  
w here gM = gM
(b) Moment c i r c u i t  during determ in a tio n  o f s e n s i t iv i ty  constan t SMr *
Figure 2 .-  Concluded.
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rnd/V
O 'C o n f i g u r a t io n  1  .0619 t o  .0712
□  C o n f ig u r a t io n  2 .0639 *0651
^  C o n f ig u r a t io n  3 .026L t o  .0609
p e r  r a d i a n
P o s i t i v e  dam ping
- 2.8
-3-2
.2k
.20
w
168h■k 12■8 0
Mean angle of attack, a, deg.
(b) M = 0 .58 .
F igure 5*- Continued.
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axl/v
□  Configuration 2 .0256 to .1028
1.2
.8
n n
.k
Negative damping
0
0
per radian
-8 - k  o  ^ 8 12 16
Mean angle o f  a ttack , a, deg.
(c) M = 0.75.
Figure 5*- Continued.
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□  Configuration 2
cod/v 
.0l|27 to  .0429
m0 0 
per radian
— 4
.04
,  - W \ -  °
per radian
- . 0 4
-8
N(J g a t i v < d a u rp jLng
]— c 1-------r T------- --------r 1------- ]■' [
P(
.....................
3 S i t i V (  
. ,
i d a m p ;Lng
0 4 8
Mean angle o f attack , a ,  deg.
12
r
16
(d) M = 0 .90 . 
F igure 5*” Continued.
O C o n fig u ra tio n  1 .01*60 to  .0500
□  C o n fig u ra tio n  2 .0383 to  .0396
&  C o n fig u ra tio n  3 • 03.1*7 to  .0320
N egative  damping
0
P o s i t iv e  damping
.20
.16
.12
.08
- .0 8
-.12
Mean an g le  o f  a t t a c k ,  a ,  deg .
(e) M = 1 .0 0 .
F igure 5*- Continued.
cod/v
O C o n f ig u r a t io n  1  .0410 t o  .0431
□  C o n f ig u r a t io n  2 -0329 t o  .0337
<(^ > C o n f ig u r a t io n  3 .0130 t o  .0253
N e g a tiv e  dam ping
0
p e r  r a d ia n
P o s i t i v e  dam ping
-.4
.16
.12
p e r  r a d i a n
-.08
-.12
-8 -4 0 4 8 12 16
Mean a n g le  o f  a t t a c k , a., d e g .
( f)  M = 1 .2 0 .
F igure 5*- Continued.
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O  C o n fig u ra tio n  1 
□  C o n fig u ra tio n  2 
Cf C o n fig u ra tio n  2 
w ith  roughness 
C o n fig u ra tio n  3
tsd/V
.0314 to  .0319 
.0230 to  .0231 
.0232 to  .0234
.0117 to  .0129
m0
p e r  ra d ia n
0
- . 4
P o s i t iv e  damping
.8
.12
.08
.04
r  lcDd]2C 
cmfl -  It /  me 0“e
per radian
-.04
-.12
-20 -16 -4  0
Mean ang le  o f  a t t a c k ,  a ,  deg.
J L— <*>—-<k.
r ir " lS' >----<>
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( g )  M  =  2 . 0 0 .  
Figure 5*- Continued.
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k6
B r id g e -b a la n c in g  D em odu la to rs
S tr a in - g a g e  and L in e a r  d
b r id g e s  c a l i b r a t e - r e s i s t o r  a m p l i f i e r s  R e s o lv e rs
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Figure 2 .-  Block diagram o f e lec tro n ic  c ir c u it .
